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mainly	of	 the	dominant	 species	Chaetorellia jaceae,	 decreased	with	 increasing	plant	
species	 and	 functional	 group	 richness.	 These	 effects	 were	 not	 seen	 in	 the	 potted	
plants	and	are	therefore	likely	to	be	mediated	by	changes	in	host	plant	performance	
and	 quality.	 Parasitism	 rates,	mainly	 of	 the	 abundant	 chalcid	wasps	Eurytoma com-
pressa	and	Pteromalus albipennis,	increased	with	plant	species	or	functional	group	rich-
ness	 in	 both	 transplants	 and	 potted	 plants,	 suggesting	 that	 direct	 effects	 of	 plant	
diversity	are	most	important.	The	differential	effects	in	transplants	and	potted	plants	
emphasize	 the	 importance	of	plant-	mediated	direct	 and	 indirect	effects	 for	 trophic	
interactions	at	the	community	level.	The	findings	also	show	how	plant–plant	interac-
tions	 critically	 affect	 results	obtained	using	 transplants.	More	generally,	 our	 results	
indicate	that	plant	biodiversity	affects	the	abundance	of	higher	trophic	levels	through	
a	variety	of	different	mechanisms.
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1  | INTRODUCTION
Several	studies	have	shown	that	plant	diversity	affects	 the	diversity	
and	 abundance	 of	 other	 trophic	 levels	 (e.g.,	 Scherber	 et	al.,	 2010).	




in	 agro-	ecological	 research	 (e.g.,	Bianchi,	Booij,	&	Tscharntke,	 2006;	
Menalled,	Marino,	Gage,	&	Landis,	1999;	Thies	&	Tscharntke,	1999)	
where	 higher	 parasitoid	 efficiency,	 that	 is,	 higher	 parasitism	 rates	
of	 insect	herbivores,	 is	often	 found	 in	more	 structurally	 complex	or	
species-	rich	systems	(Andow,	1991;	Langellotto	&	Denno,	2004;	Price	
et	al.,	1980).	This	is	often	referred	to	as	the	Enemies Hypothesis	(Root,	


















&	Meiners,	 2010)	making	 the	 hosts	 less	 apparent	 to	 the	 herbivore.	









herbivores	 and	 therefore	 herbivory	 rates	 on	 particular	 target	 plants	
(Jactel	&	Brockerhoff,	2007;	Root,	1973).




Hemerik,	 van	 Lenteren,	 &	Vet,	 2007;	 Gols	 et	al.,	 2005;	 Randlkofer,	
Obermaier,	&	Meiners,	2007).	Alternatively,	predators	and	parasitoids	
could	benefit	from	plant	diversity	if	diverse	plant	communities	provide	








patches,	 as	 predicted	 by	 several	 patch	 time	 allocation	models	 (Van	
Alphen	&	Bernstein,	2008).	Analyses	controlling	for	herbivore	abun-
dance	are	necessary	to	test	these	ideas.





























To	 separate	 these	 direct	 and	 indirect	 effects,	 we	 used	 trans-
planted	 and	 potted	 host	 plants	 (the	 common	 knapweed,	Centaurea 
jacea)	 placed	 into	 experimental	 plant	 communities	 differing	 in	 spe-











belowground	with	 the	 surrounding	 plant	 community.	Aboveground,	
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there	may	have	been	limited	interaction	(short	period	of	potential	light	








rect	 (host	 plant	 quality/performance)	 and	 direct	 effects	 (community	
characteristics)	 of	 plant	 diversity.	We	 therefore	 expect	 to	 find	 that	
plant	 diversity	 reduces	 herbivore	 abundance	 in	 both	 types	 of	 host	














we	 hypothesize	 indirect	 effects	 to	 be	 of	minor	 importance	 and	 ex-











2  | MATERIALS AND METHODS
2.1 | The study system
Centaurea jacea	 L.	 s.	 l.	 (brown	 knapweed;	 Asteraceae)	 is	 native	 to	
Eurasia	and	common	throughout	Germany.	The	 long-	lived	perennial	
hemicryptophyte	 (plants	 with	 overwintering	 buds	 at	 soil	 level)	 re-	
emerges	in	spring	(Press	&	Gibbons,	1993)	producing	vegetative	side	
rosettes,	 flowers,	 and	 fruits	 between	 June	 and	October	 (Jongejans,	
de	 Kroon,	 &	 Berendse,	 2006).	C. jacea	 flower	 heads	 are	widely	 at-
tacked	by	Tephritidae,	an	abundant	family	of	Diptera	that	mainly	in-
habit	fruits	or	other	seed-	bearing	organs	of	flowering	plants	(White,	
1988).	 Six	 species	 of	 Tephritidae,	with	 flight	 periods	 between	May	
and	September,	are	associated	with	C. jacea	in	Germany.	Four	of	them	
have	 a	 narrow	 host	 range	 (i.e.,	 either	monophagous	 on	C. jacea or 
using	a	few	Centaurea	species	only	(Merz,	1994;	White,	1988):	Acinia 








galls	 in	 the	 capitulum	 (U. jaceana);	 however,	 detailed	 information	 is	
not	 available	 for	 all	 potentially	occurring	 species.	Parasitoids	of	 the	
families	 Eurytomidae,	 Pteromalidae,	 Eulophidae	 (all	 Chalcidoidea),	




S1	 for	 a	 potential	 interaction	 web	 based	 on	 Tephritidae	 attacking	 
C. jacea).	Since	the	study	site	is	mown	twice	a	year,	Tephritidae	and	
their	parasitoids,	which	commonly	overwinter	in	flower	heads	of	the	
host	 plant,	 recolonize	 the	 experimental	 field	 site	 every	 year	 from	
source	populations	in	the	surrounding	meadows.
2.2 | Experimental design
In	 order	 to	 investigate	 responses	 of	 the	 second	 (Tephritidae)	 and	




Saale	 (Jena,	 Thuringia,	 Germany),	 plant	 communities	 were	 estab-
lished	 in	 2002	 from	 a	 pool	 of	 60	 grassland	 species,	 representing	
the	surrounding	Arrhenatherion	community.	The	grassland	species	
were	assigned	to	four	plant	functional	groups	(legumes,	grasses,	tall	
herbs,	 and	 small	 herbs)	 and	mixtures	of	1,	2,	4,	8,	 and	16	 species	
were	 created	 by	 randomly	 selecting	 species	 from	 the	 pool	 of	 60.	
Each	plant	species	richness	level	was	replicated	on	16	plots,	except	
for	 the	 16-	species	 communities	 (14	 plots);	 additionally,	 four	 plots	
were	sown	with	all	60	species	(for	details,	see	Roscher	et	al.,	2004;	
The Jena Experiment	 and	 Table	 S1).	 The	 design	 also	 manipulated	




ditions	with	 increasing	distance	 to	 the	 river	 (Roscher	et	al.,	2004).	
The	 site	 is	managed	as	 a	 typical	 hay	meadow	with	vegetation	 cut	
and	removed	twice	a	year	(beginnings	of	June	and	September).	The	
diversity	gradient	is	maintained	by	regular	weeding.	For	the	current	
experiment,	 two	 monocultures	 with	 low	 target	 plant	 cover	 were	













direct	 plant	 diversity	 effects	 can	 be	 expected	 in	 the	 potted	 plants.	
Aboveground	interactions	between	plants	via	VOCs	can	occur	in	both	
plant	types.
Transplants	 were	 grown	 from	 seed	 (supplier:	 Rieger-	Hofmann	
GmbH,	 Blaufelden-	Raboldshausen,	 Germany)	 and	 planted	 into	 ex-
perimental	 plots	 3	years	 after	 establishment	 of	 the	 experiment	 (i.e.,	
in	 2005).	 Five	 plants	were	 planted	 in	 each	 plot,	 arranged	 in	 a	 row	
and	 spaced	 25	cm	 apart.	 Transplants	 were	 regularly	 mown,	 along	
with	 the	 rest	 of	 the	 plant	 community.	We	 found	 that	 their	 survival	
strongly	decreased	with	increasing	plant	species	richness	(and	partly	
with	functional	group	richness),	to	the	extent	that	none	of	the	trans-
plants	 survived	 in	60-	species	plots	 and	only	 about	30%	 survived	 in	
the	16-	species	plots	 (see	Nitschke	et	al.,	2010	and	Figure	S4).	Since	
plant	 species	 richness	 also	 decreases	 transplant	 biomass	 and	 the	
number	of	 flower	heads	on	plants	 (Nitschke	et	al.,	2010,	Figure	S4),	
the	proportion	of	surviving	plants	with	flower	heads	was	even	lower	














of	 the	 number	 of	 infestations	 that	 occurred	 per	 flower	 head	 (insect 









only	 collecting	 10%	 (and	 at	 least	 five)	 of	 the	 flower	 heads	 of	 each	
transplant	 (those	 at	 the	most	 advanced	 phenological	 stage)	 and	 by	
















we	placed	one	plant	 from	each	 size	 class	 into	 each	plot.	 Pots	were	







ties	 into	which	 they	were	placed.	Potted	plants	 remained	 in	 the	ex-
perimental	 plant	 communities	 for	 7	weeks,	 before	 being	 harvested.	
Aboveground	 interactions	 (e.g.,	 shading	 by	 neighboring	 plants)	 over	




(flowering	and	bud)	per	pot,	 and	 their	maximum	height	 in	 the	 field.	
All	flower	heads	of	a	pot	(up	to	a	maximum	of	20)	were	collected	and	




phic	 relationships	 between	 the	 different	 species	 of	Tephritidae	 and	
parasitoids	(for	details	on	identification	and	assignment	of	parasitoids	
to	host	species,	see	supplement,	p.1).









fined	 as	 the	 proportion	 of	 hosts	 that	were	 found	 to	 be	 parasitized	
following	flower	head	dissection.	Except	for	three	cases,	parasitoids	
were	all	solitary	and	could	be	unequivocally	related	to	tephritid	hosts.	
In	order	 to	 compare	 the	potted	plants	with	 the	 transplants,	we	ex-
cluded	the	potted	plant	data	from	the	16-	species	plots	and	analyzed	
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all	 responses	 across	 the	 1–8	 plant	 species	 gradient	 for	 all	 datasets	
(transplants	2007	and	2008,	potted	2008).
2.4 | Variables mediating diversity and plant 





richness	 in	 experimental	 plant	 communities	 (Spehn,	 Joshi,	 Schmid,	


























in	 the	 plant	 community	 (at	 5	cm	 above	 ground)	 and	 combined	 into	
one	mean	value	per	plot	(Weigelt	et	al.,	2010).	Floral	and	vegetative	
heights	were	measured	 every	meter	 along	 a	10	m	 transect	 and	 av-
eraged	 (Weigelt	et	al.,	2010).	Here,	we	used	measures	 taken	 in	 late	
August	2007	and	2008.	The	variable	relative height	per	focal	plant	in-
dividual	 (or	per	group	of	plants	 in	a	pot)	was	calculated	by	dividing	 
C. jacea	maximum	height	 in	 the	 field	by	 the	 larger	value	of	 the	 two	
height	measures	 (vegetative	or	 floral)	of	 the	 respective	plot.	To	ac-
count	for	resource	concentration	effects,	we	included	tephritid infes-





mance,	we	 included	 the	number of flower heads	 per	 host	 plant	 as	 a	
measure	of	resource	density	for	Tephritidae.
2.5 | Statistical analysis












different	datasets:	2007 transplants (1–8),	2008 transplants (1–8),	and	
2008 potted plants (1–8)	(see	Table	S3	for	the	number	of	plots	in	each	
dataset).





effects	for	plant species richness	(log	transformed),	functional group rich-


















being	found	by	its	herbivore)	and	the	number of flower heads	per	host	







y ∼ block + species richness + number of functional groups
+ legumes + tall herbs + small herbs + (1|plot ID)
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other	families).	The	full	model	from	the	second	step	is	as	follows	(again	
assuming	grass	presence	was	dropped):





For	 infestation rate	 and	parasitism rate	 (binary	 responses),	we	used	a	
generalized	 linear	 mixed	 model	 with	 binomial	 error	 distributions.	








other	 significant	 fixed	 effects.	Where	 the	 response	was	 not	 signifi-
cantly	affected	by	the	predictor	to	be	shown	in	the	figure,	we	could	
not	 use	 values	 from	 a	minimal	 adequate	model	 and	 therefore	 took	
them	instead	from	a	simplified	model	of	the	type:	response ~ block + 
predictor + (1|plot ID).	 In	 these	cases,	values	were	only	corrected	for	






3.1 | Description of the insect community in flower 
heads
We	found	855	tephritid	individuals	in	total	and	identified	four	teph-
ritid	species	attacking	C. jacea.	The	stenophagous	Chaetorellia jaceae 
(Robineau-	Desvoidy,	 1830)	 accounted	 for	 93.5%	 and	 84.4%	 of	 in-









cid	wasps	 (Aprostocetus forsteri	 (Walker,	 1847),	 Eurytoma compressa 
(Fabricius,	 1794),	 Pronotalia trypetae	 Gradwell,	 1957,	 Pteromalus 
albipennis	 Walker,	 1835),	 and	 one	 braconid	 (Bracon subrugosus 
Szepligeti,	 1901).	 E. compressa	 and	P. albipennis	 dominated	 the	 par-
asitoid	community,	 together	accounting	 for	almost	90%	of	 imagines	









y ∼ block + LAI + relative height + number of flower heads
+ Asteraceae presence + species richness+
number of functional groups + legumes+
tall herbs + small herbs + (1|plot ID)
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abundant	on	the	commonest	tephritid	Chaetorellia jaceae. E. compressa 
was	only	once	found	parasitizing	A. helianthi or U. quadrifasciata	and	
P. albipennis	 was	 also	 only	 once	 found	 on	U. jaceana.	 The	 braconid,	 
B. subrugosus,	 mainly	 parasitized	C. jaceae	 and	 only	 one	 interaction	








3.2 | Responses of the second trophic level 
(Tephritidae) to plant diversity




individuals)	 (χ2	=	3.83,	p = .050,	 Figure	4),	 both	 in	 the	 first	 and	 sec-
ond	 step	of	 the	 analysis	 (i.e.,	without	 and	with	 covariates,	Table	1).	
Tephritid infestation rate	(i.e.,	the	proportion	of	dissected	flower	heads	










cant	effects	on	insect load	in	either	year	(Table	1).	Tephritid infestation 
rate	 responded	more	 to	 functional	 diversity	 and	 decreased	with	 in-
creasing	plant	functional	group	richness	by	ca.	70%	in	2008	(χ2	=	7.64,	
p = .006)	but	not	in	2007	(Table	1,	Figure	5).	In	the	second	step	of	the	
analysis,	the	number of flower heads	was	significant	in	both	2007	and	
2008	(2007:	χ2	=	14.73,	p < .001;	2008:	χ2	=	9.75,	p = .002).	Tephritid 




3.3 | Response of the third trophic level (parasitoids) 
to plant diversity
Plant	 species	 richness	 and	 functional	 group	presence	both	affected	
parasitoid	communities	 in	 the	potted	plants.	 In	 the	 first	 step	of	 the	
analysis	 (without	 covariates),	 the	 presence	 of	 legumes	 reduced	 the	
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ber of flower heads	also	reduced	parasitism rate	in	this	model	(χ2	=	4.19,	




effects	 could	 occur.	 Plant	 functional	 richness	 increased	parasitism 
rates	 in	 2007	 from	 54.2	±	3.2%	 in	 plots	 with	 a	 single	 functional	
group	to	90.4	±	6.1%	in	plots	with	four	functional	groups	(χ2	=	3.83,	
p	=	.050,	 Table	1,	 Figure	6).	 However,	 in	 2008	 plant	 species	 rich-
ness,	 rather	 than	 functional	 group	 richness,	 increased	 parasitism 
rate	(from	14.4	±	3.4%	in	monocultures	to	48.8	±	6.8%	in	8-	species	


























Transplants 2007 Transplants 2008 Potted plants 2008
n.s. n.s. n.s.









Number of functional groups
n.s. ** n.s.





is	abbreviated:	***	p ≤ .001,	**	p ≤ .005,	
































































of	 the	 analyses,	 an	 additional	 LAI	 effect	 was	 seen	 in	 transplants	
of	both	years	 (Table	1,	Figure	7).	 Increasing	LAI	values	 in	the	plant	
communities	 reduced	 parasitism	 rates	 (2007:	 χ2	=	4.25,	 p	=	.039;	
2008:	 χ2	=	5.88,	 p	=	.015).	 Including	 LAI	 in	 the	model	 did	 not	 re-
move	the	other	effects	of	the	plant	community	(Table	1),	suggesting	












4.1 | Herbivores and parasitoids show opposing 














that,	 although	 diversity	may	 act	 in	 a	 similar	way	 in	 different	 years,	
other	 drivers	 of	 herbivore	 abundance	 (such	 as	 climate	 or	 dispersal)	
















The	 two	 experimental	 variables	 plant species richness	 and	 plant 
functional group richness	represent	different	aspects	of	plant	diversity:	
Functional group richness	effects	suggest	 that	plant	species	 from	the	
same	 functional	 group	 are	 redundant	 and	 have	 similar	 effects	 (i.e.,	




have	 effects	 in	 different	years.	However,	 these	 results	 suggest	 that	
both	aspects	of	diversity	may	be	important	under	certain	conditions	
and	that	they	may	have	similar	effects	(likely	on	plant	quality	and	re-
source	availability).	Plant species	and	functional group richness	also	both	
reduced	 C. jacea	 performance	 traits	 (Nitschke	 et	al.,	 2010),	 further	
supporting	this	idea.
F IGURE  7  Influence	of	community	“leaf	area	index”	(LAI)	on	parasitism rate	in	the	three	datasets.	Significance	in	final	step-	2	models	is	
abbreviated:	*	p ≤ .05,	n.s.	p > .05.	Effects	(grey	line)	and	95%	confidence	intervals	(CI,	dotted	lines)	derived	from	final	step-	2	or	simplified	
models	(see	Methods)





























Potted plants 2008 (n.s.)
LAI
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4.2 | Plant diversity indirectly affects the 
herbivorous Tephritidae
Plant	 diversity	 effects	 on	 Tephritidae	were	 few	 and	were	 only	 de-
tected	 in	 the	 transplants	 where	 both	 direct	 and	 indirect	 effects	 of	
plant	diversity	can	occur.	The	fact	that	no	such	effect	was	observed	
in	potted	plants	 (direct	effects	only)	 implies	that	these	effects	were	
largely	 mediated	 by	 changes	 in	 plant	 quality	 or	 performance	 traits	
along	 the	 plant	 diversity	 gradient.	 Accordingly,	 we	 found	 little	 evi-
dence	 that	 apparency	 or	 the	 availability	 of	 alternative	 hosts	 in	 the	
plant	 community	 affected	 the	herbivores.	This	may	be	because	 the	
herbivores	 (dominated	by	 the	monophagous	Chaetorellia jaceae)	 are	
very	 efficient	 at	 finding	 their	 hosts	 and	 can	 locate	 them	 regardless	
of	 their	 surroundings.	 This	 is	 supported	 by	 the	 lack	 of	 an	 effect	 of	








likely	 to	 explain	 the	plant	 diversity	 effects.	 Transplant	 performance	
(i.e.,	 biomass,	 the	number	of	 flower	heads)	 declines	with	 increasing	
plant	diversity	 (Nitschke	et	al.,	2010)	and	 this	 is	 likely	 to	 result	 in	a	












with	 increasing	 plant	 diversity	 as	 a	 result	 of	 increased	 light	 compe-
tition	and/or	 increased	nutrient	use	efficiency	 in	diverse	plant	com-
munities,	 and	 thus	 to	negatively	affect	herbivore	abundance	 (Abbas	
et	al.,	2013;	but	see	Ebeling	et	al.,	2014).	The	opposite	pattern	could	
occur	 if	shading	reduces	plant	chemical	defenses	and	increases	spe-
cific	 leaf	 area	 and	hence	palatability	 (Crone	&	Jones,	 1999;	Guerra,	







(2002)	 found	 that	ovipositing	 females	of	 the	gall	 forming	U. jaceana 







ent	 patterns	 for	more	 generalist	 herbivores	 that	 could	 benefit	 from	
diet	mixing	in	diverse	plant	communities	(Pfisterer,	Diemer,	&	Schmid,	
2003).	These	negative	indirect	effects	of	plant	diversity	on	herbivore	
communities,	mediated	by	 changes	 in	 host	 plant	 quality,	 have	been	
largely	overlooked	but	our	results	suggest	that	they	may	be	important,	
particularly	for	monophagous	species.
4.3 | Plant diversity directly affects parasitoid 
communities










effects	of	diversity	are	 the	most	 important.	One	of	 the	main	direct	
effects	of	plant	diversity	may	be	to	increase	the	availability	of	floral	
resources,	which	is	expected	to	benefit	parasitoids	through	increased	
nectar	 provision	 (e.g.,	 Araj	 et	al.,	 2008;	 Lavandero	 et	al.,	 2006).	 In	
our	 study	 system,	 flower	availability	 increases	with	 increasing	plant	
species	richness	(Ebeling,	Klein,	Schumacher,	Weisser,	&	Tscharntke,	





herbs	 in	the	community	did	significantly	 increase	parasitism	rates	 in	











plots	would	be	needed	 to	explicitly	 test	 this	 idea.	Moreover,	 extra-	









availability,	 parasitism	 rate	may	be	 affected	 by	 host	 resource	 avail-




















our	proxy	 for	 structural	 complexity	 (LAI)	 significantly	 reduced	para-
sitism	 rate	 suggesting	 that	 host	 finding	was	 impaired	 by	 increasing	











parasitoids—suggests	 opposing	 responses	 of	 herbivores	 and	 parasi-












argue	 for	 the	value	of	diverse	plant	communities	 in	providing	more	
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